tive studies between the pipette technique and more of speed, automation, small sample size, and nearly continuous data automated means of particle-size analysis (e.g., Penshould be balanced against the higher cost of the equipment necessary nington and Lewis, 1979; Konert and Vandenberghe, for the dielectric method.
1997) show that the clay fraction (Ͻ2 m) is either occasionally or systematically underreported by as much as 30 to 66%, most likely related to assumptions regard-F or many years, sedimentation methods have been ing shape factors for nonspherical particles inherent in used for measuring soil particle-size distributions. each method, including sedimentation. It has been arIn the hydrometer method, first described by Bouyoucos gued (Syvitski et al., 1991 ) that particle-size analyzers (1925), the floatation depth of a hydrometer is measured should no longer have their results compared with classias a function of time, providing an indication of the cal techniques such as sieving and pipetting. However, solution density. Soil particles, being denser than the since soil size fractions are classically defined in terms aqueous solution in which they are dispersed, tend to of equivalent spheres with regard to Stokes' law, accepsettle with time and the fraction of particles remaining tance of techniques other than sedimentation may repin suspension at a given measurement depth is estimated resent a break with methods in use in soil science for from the fluid density. An analysis involving Stokes' more than 60 yr. Interestingly, recent developments in law (Casagrande, 1934) , which states that the terminal soil particle-size analysis include the use of a sedimentavelocity of a particle is proportional to the square of tion and gamma attenuation approach (Oliveira et al., particle radius, is used to estimate the particle-size distri-1997) to yield nearly continuous measurements, albution. A more accurate approach using the same theory though these involve expensive and hazardous is the pipette method, which apparently was developed equipment. more or less simultaneously by three different research
We will describe here a rapid radio-wave electronic groups (Jennings et al., 1922; Krauss, 1923; Robinson, system for continuously monitoring particle concentration in a settling soil dispersion, which we believe to domain reflectometry (TDR; Topp et al., 1980) . We constituents. This model was extended and applied to solutions composed of solvent mixtures in Starr et al. propose using differences in the dielectric constant to measure the concentration of dispersed soil particles (2000) , where agreement between model and measured refractive index was about Ϯ 0.2. Predictive equations settling in a solution of sodium polymetaphosphate by measuring the refractive index (the square root of apof the model were determined by equating the refractive index (n) measured in composite dispersion with the parent dielectric constant) with a coaxial probe dielectric water content sensor and interpreting the combined sum of the refractive indices of each component weighted by the respective component volume fraction. effects of soil solids, bound water, and dispersing solution on the refractive index measured in solution using
Although this model was introduced (Whalley, 1993) with little more than an intuitive theoretical underpinan extension of the refractive index model presented by Whalley, (1993) that was applied to the soil matrix.
ning and to our knowledge has not been derived from first principles of electromagnetic physics, it does lead Our objective is to describe the new method and the theory on which it relies.
to linear and closed-form equations, as will be shown. In our model of soil dispersion, the volume fractions were converted to a mass per unit volume, or concentra-THEORY tion (C), using the density () of the respective constitThe time (t) required for a particle of diameter (d) uent (2.65 kg L Ϫ1 for soil solids and 1 kg L Ϫ1 for water) to settle a distance (h) traveling at its terminal velocity resulting in Eq.
[2]: (given by Stokes' law) depends on the density of the n ϭ ͚ i n i C i / i
[2] particle ( p ), the density of the liquid ( l ), and the viscosity of the liquid (). It is typically assumed (Gee and The sum across all constituents (i) could include free Bauder, 1986 ) that all particles with diameters Ͼd will water, soil separates, organic matter, and bound water. be absent (settled out) and those with diameters Ͻd Thus, a more specific equation to represent soil disperwill be present in their initial concentration after a time sion can be written where the refractive index of the given by:
composite dispersion equals a sum of terms specific to each constituent:
where g is the gravitational constant (9.8 m s Ϫ2 ). Thus, by measuring the soil concentration at some calculated
[3] time and given depth, a measure is made of the concenIn Eq.
[3] n, , and C have the following subscripts: sa, tration of particles with diameters less than a given si, c, om, b, and w, defining the sand, silt, clay, organic diameter. Such a measure of the clay fraction (d Ͻ 2 matter, bound water, and free water constituents, rem) for a typical depth of 10 cm has an associated spectively. The n of soil separates can be assumed to settling period on the order of 8 h, but if the depth of be 2 (apparent dielectric constant of 4) and their density sampling is reduced to 1.5 mm, this time is reduced to can be assigned a value of 2.65 kg L Ϫ1 , whereas free ≈400 s. Such a shallow depth of measurement is not water has an n of 9 and a density of 1 kg L
Ϫ1
. To obtain feasible with any method of measurement previously complete dispersion (Gee and Bauder, 1986) of soils described in the literature, but is possible with the with appreciable organic matter, destruction or removal method presented here.
of the organic matter is necessary and the organic matter The method employs a measurement of refractive term will, therefore, be negligible. In a settling experiindex (the square root of apparent dielectric constant) ment, the concentration of soil separates, C s , is a paramin solution as a function of time during settling. As the eter that must be determined and it is described by the soil particles with a low refractive index (n ϭ 2) settle following equation: out of the measurement volume and are replaced with water (n ϭ 9), the refractive index increases. Changes in
It is desirable to consider changes in concentration changes based on the refractive index of particles setas they relate to refractive index changes in a settling tling out of solution. Further, if the initial concentration dispersion because changes in refractive index may be is known and initial refractive index is measured, then much more accurately measured and because this allows a known point (calibration) is obtained and only relative for simplification of the model, as will be shown. Prior measurements of refractive index are needed. In an to the time when clay begins to settle out of the measureideal Stokes' model of particle settling, throughout the ment volume, C c and C b are invariant. If, in addition, period when silt settles out of the measurement volume, sand has been removed from the dispersion by sieving the clay concentration does not change. Thus, the poorly and organic matter has been destroyed (as is typical understood dielectric properties of clay and associated with the pipette method) then the rate of change of bound water (Hilhorst and Dirksen, 1994) Water is bound to the clay fraction and both the density of this bound water and its refractive index may be variable, depending among other things, on how tightly the water is bound. For simplicity, the bound water may be assumed to have a refractive index of 2 and a density of 1 kg L Ϫ1 . The concentration of bound water can be assumed proportional to the concentration of clay because the bound water is integrally associated with clay in a lattice type structure. The constant of proportionality, here termed the bound water fraction, , can be expressed by the equation:
[10] This model or simple treatment of clay bound water is something an oversimplification, but provided is
[6] measurable (as will be shown), it gives insight into bound water-clay interactions. To show this, a determiSo by substitution with Eq. [6], Eq.
[5] can be rewritten nation of was obtained by considering dispersion with as:
only the clay fraction. This type of dispersion can be ‫ץ‬n/‫ץ‬C si ϭ (n si Ϫ n w )/ si [7] isolated by sedimentation fractionation (Gee and yielding the result that the derivative of n with respect Bauder, 1986). As before, changes in refractive index to concentration during silt settling is a constant given with changes in concentration are to be considered, but by the right-hand side of Eq. [7] . Integration of Eq. [7] the organic matter, sand, and silt terms of Eq.
[3] are from the initial time (when there is a complete homogeall eliminated. In a manner similar to the derivation of neous dispersion) to some later time (prior to clay setEq.
[7], the following can be shown by differentiating tling) yields the following:
Eq.
[3] with respect to concentration of clay:
[11] Notice that the difference in silt concentration equals Solving Eq.
[11] for yields an equation that can be the difference in total soil concentration (C s ) during this evaluated provided the change in refractive index with time period. Substituting [C s 
clay concentration is measured and the refractive indices C si (0)] and rearranging terms, a governing equation is and density of clay and bound water are estimated: derived that has a closed mathematical form indepen-
[12] dent of the comparatively unknown clay and bound water quantities:
The slope of an n vs. C c curve (‫ץ‬n/‫ץ‬C c ) can be measured
This is a useful equation for determining concentration vs. time, because the change in refractive index [n(t) Ϫ dielectric constant may range from 3 to 5), the slope of
The coaxial probe was placed at the top (surface) (Fig. 1) the C vs. n curve [ si /(n si Ϫ n w ) as in Eq.
[9]) varies by of a 50-mL glass cylinder (beaker) containing 40 mL of a only Ϯ 3.5% of its value for n si ϭ 2, leading to a small mixture containing 5 g L Ϫ1 sodium polymetaphosphate, water, but acceptable error in concentration. Similarly, in the and soil along with a magnetic stirring rod. A pipette holder soil matrix, Hook and Livingston (1996) found that the was used to raise and lower the probe into contact with the slope of the water content vs. n curve was nearly invari- was linearly related to the particle concentration was tested
MATERIALS AND METHODS
The refractive index (n ), was measured at a frequency of 1 Mention of a trade name or company does not constitute endorsement by the USDA-ARS.
795 MHz using a HP8712B vector network analyzer (Hewlett using particles that would not appreciably settle during meaInc., Sauk City, WI), which was wet sieved to remove sand and decanted repeatedly to remove clay-sized particles (after surement (i.e., clay-size particles). For this purpose, a Plano silt loam soil (mixed, mesic, Typic Argiudoll) from Arlington, Gee and Bauder, 1986 ). This silica silt was further fractionated by mixing in a 1-L cylinder and drawing 40-mL samples at a WI was dispersed with sodium polymetaphosphate solution and the Ͻ2-m fraction was decanted. The clay fraction of depth of 10 cm at selected times to obtain samples with known particle-size ranges (calculated from Eq.
[1]) for analysis with this soil is dominated by interstratified smectite-illite with lesser amounts of illite, kaolinite, and quartz (Liu et al., 1997) .
the dielectric method. Settling time of particles with a known minimum diameter of silt (2 m) was used to calculate the A series of dilutions with additional dispersant solution were prepared and the refractive indices were measured in the effective depth of measurement from Eq.
[1]. Soil samples taken from different locations in the soil profile apparatus described above.
The measurement depth of the coaxial probe was investiof Plano silt were also analyzed with both the pipette method and the dielectric method. The standard pipette method protogated by inverting the probe with the spiked extension pointed upward and affixing an acrylic cylinder around the outside col (Gee and Bauder, 1986 ) was used for preparing soil dispersions with organic matter removed with a H 2 O 2 treatment and ground plane (3.2-cm diameter) with paraffin wax (Fig. 2) . A few simple tests were conducted to ensure that the chamber wet sieving to remove sand. One-liter samples were prepared and pipette analysis conducted to determine the silt and clay contained the entire measurement volume of the probe. With the chamber filled with water, first a glass stirring rod and a concentrations. These samples were then dispersed again and 40-mL subsamples were extracted for analysis by the dielecthen a razor blade were inserted into the chamber to see, roughly, where the instrument began to respond to these abertric method.
Since achieving a uniform dispersion at the initiation of the rations in the chamber. These objects caused appreciable n changes only when they were within ≈ 1 cm of the spiked experiment and measuring n(0) are critical to the success of the measurement method, the mixer was run at sufficiently extension either diametrically or vertically. Placing ones hands around the chamber and observing the signal showed that high speed to stir particles, but slow enough that air bubbles did not enter under the ground plane of the probe. Spinning there was a small shift in measured n presumably caused by a small amount of transmitted and reflected radiation from the soil solution in this manner causes particles to accumulate at the edge of the beaker as in a centrifuge. When the mixer the probe; however, this was deemed negligible.
Solution, both deionized water and 5 g L Ϫ1 sodium polymetis turned off, the magnetic mixing rod stops immediately, applying a braking effect on the swirling mixture. This causes aphosphate, was added incrementally and both height of solution and the refractive index, n, were measured. The effective the fluid at the edges to circulate downward and flow upward at the center, homogenizing the mixture. By first rapidly swirlmeasurement depth was further measured using the silt fraction of a pulverized silica sand powder (obtained from Timco ing the mixture, then stopping and starting the mixer three or more times at ≈ 2-s intervals, a homogeneous dispersion is this potential pitfall, as well as to avoid temperatures caused by heating upon contact with bare hands. Although temperature obtained. The measurement of initial concentration must be made within the first 2 s after the mixer is turned off, during correction could have been applied, in these experiments, with careful handling and operation, it was judged unnecessary. the period when the central upward flow and turbulence are sufficient to overcome the rapid settling of the larger silt particles.
RESULTS AND DISCUSSION
Temperature has a significant effect on the magnitude of the measured refractive index because of the well-known temThe component mixing model to interpret the comperature dependence of n w (Weast et al., 1986) . The success bined effects of soil solids, bound water, and dispersing of this experiment relies on measurements of the changes solution on the refractive index predicts a linear relain refractive index, not on its absolute value. Provided that tionship between particle concentration and refractive temperature does not change during the 400-s interval of setindex. Such a linear relationship was measured for the tling, temperature corrections are theoretically unnecessary.
Ͻ2-m fraction of Plano silt loam (Fig. 3) . The use of However, the typical particle concentration and refractive inclay, particularly an expansible clay such as the smecdex changes during particle settling are so small that a tempertitic-illitic clay used here, adds a level of complexity ature change of 1ЊC causes unacceptable errors. This potential pitfall was discovered when samples were exposed to open to the problem due to the presence of bound water air and evaporation from the sample caused significant (≈ 3ЊC) associated with the clay itself. The mixing model can reduction in the sample temperature. When a cooler-thanbe used to calculate the bound water fraction, , from ambient sample was covered with the coaxial probe, the temthese data using the formula in Eq. als and associated bound water, the line in Fig. 3 should (2-50, 2-23, and 2-7 m). Three repetitions of the settling experiment (for the 2-50 and 2-23 m size ranges) not be used for a calibration describing silt settling, but does provide confirmation of the mixing model.
show a close grouping of concentrations, indicating good repeatability, and particles settled equals the initial conThe probe response vs. measurement depth (Fig. 4) was virtually identical for both deionized water and centration after ≈400 s (there was only one replication for the 2-7 m size range). Essentially, after 400 s, all sodium polymetaphosphate solution. The greatest incremental response was measured for the first 1 mm, which the particles in the dispersion have settled below the apparent depth of measurement. Because the smallest was ≈2.5 times more sensitive than the 1-to 2-mm increment; at slightly greater than 1-mm depth, the probe particles (here 2 m) settle last, a value of 2 m and 400 s can be used to calculate an effective probe meareached 50% of its value at infinite depth. Measurements at subsequent probe depths show a rapid decline surement depth from Eq.
[1], yielding a result of 1.5 mm. This depth is in general agreement with the approxin sensitivity toward the end of the spiked extension (5 mm), and the probe was essentially insensitive beyond imation for median depth (1-2 mm) and is slightly less than the weighted average depth (2.2 mm) from Fig. 4 . 8 mm. The similarity in measurement for both deionized water and for the much more conductive (3.3 dS m Ϫ1
Some of the limitations of using an apparent depth with this type of probe are seen when the particles at 25ЊC) sodium polymetaphosphate solution (Fig. 4) allay concern that these reflectivity measurements might continue to settle after 400 s. This is because some of the smaller particles are still settling from the lower be affected by the electrical conductivity of the chemical dispersant.
regions of the measurement volume where the probe has some sensitivity. Effective depth, calculated in this To obtain a more appropriate measurement to determine the apparent depth for applying Stokes' law on way, is therefore a calibration to determine size distribution for the silt-clay boundary at 2 m; however, it can the basis of particle settling, a set of measurements for calibration and testing (Fig. 5 ) using silica powder of also be used to calculate the times at which particles begin to settle. These times, shown in Fig. 5 for the 50, known size ranges and initial concentrations was used. Shown in Fig. 5 are data on particles settled (C Ϫ C 0 ) 23, and 7 m limits, agree quite well with the times when the particles are observed to start settling. In the calculated from Eq. [9] vs. time for three size ranges case of 7 m, the particles begin settling slightly before powder (Ͻ50 m), silica silt (2-50 m), and several samples from a Plano soil: Plano surface (A horizon), the calculated time of 31 s and this small aberration can also be explained by error in using an effective depth.
two samples from the Plano subsurface (B t horizon), and one from the till (glacial parent material). The dielectric These small deviations notwithstanding, the application of Stokes' law and the effective depth calculation do method was used on subsamples from a 1-L dispersion that was also analyzed using the pipette method and appear to work as expected for describing the settling process.
the fractional concentration of silt/(silt ϩ clay) is shown graphically to agree very well between the two methods The initiation of settling was 0.64 s for the 50-m limit, and this led us to believe that there might be less at 400 s. There was considerably more spread in the till soil data than the other samples. This till dispersion had than a second to measure initial concentration before silt began to settle. However, turbulence from mixing a low initial concentration (≈8 g L
Ϫ1
) because most of the sample was sieved out as sand and coarse fragments. the chamber keeps silt in suspension for ≈2 s. Measurements of the type shown in Fig. 6 show that waiting This concentration (8 g L Ϫ1 ) is about the minimum required for the dielectric method of particle-size analysis. beyond 2 s to measure n(0) leads to unacceptable errors. Silica silt settling data are shown in Fig. 6 for 2 -, 3-, and With lower concentrations, the results are increasingly marginal. 4-s signal averaging to determine n(0), and the repeatability of the experiment is seen to deteriorate with time
The experimental apparatus does not have an ideal measurement volume (i.e., a point measurement at a of initial measurement beyond 2 s. However, there was no obvious trend in the data that would suggest settling precisely defined depth) for the application of Stokes' law. This may result in observations that deviate from before 2 s. Signal averaging of 200 raw data points across a time period of 1.4 s was used in the particle-size analythe predictions of the Stokes' law model. For example, the decanted clay (Ͻ2 m) begins to settle somewhat sis measurements that are described below.
The concentration ratio [C(t)/C(0)] can also be calcubefore the predicted 400 s and the silica silt (which would have entirely settled out of an ideal measurement lated from Eq. [9] provided the initial concentration is known [we determined C(0) by oven drying the 40-mL volume) continues settling after the predicted 400 s, observed by the slightly negative concentration ratio sample]. A plot of concentration ratio vs. time (Fig.  7) shows the settling behavior for decanted clay, silica occurring after 400 s. However, neither of these devia-tions from the ideal behavior poses serious problems relate to changes in concentration. Good agreement with the pipette method for the silt-clay boundary indifor determining the fraction of clay in a mixture of silt and clay, as evidenced by the pipette method calculacates that this is a promising method that warrants further study. If, as suggested by both the theory and the tions of the fraction of clay/(silt ϩ clay) for the Plano soils. These values intersected the C(t)/C(0) vs. time data presented here, the same slope can be applied for the calibration of all silt, the method may find wide4curve (Fig. 7) near the predicted 400-s cutoff time, when C(t)/C(0) ϭ clay/(silt ϩ clay), indicating satisfacspread applicability in soil science. tory agreement between the dielectric and pipette tions, the measured summation curves are more reliable 1997. Improved soil particle-size analysis by gamma-ray attenuation. Soil Sci. Soc. in an absolute sense between 2 and 10 m than outside Pennington, K.L., and G.C. Lewis. 1979 measurements of changes in refractive index as they
